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ABSTRACT. Previous research h as d ocumented a close associatio n b etween high
resolution snow-pi t profiles of hydrogen and oxygen stabl e-isotope ratios a nd multi-year 
Specia l Sensor Micr owave/Imager (SSM/I ) 37 GHz brightness tempe ra ture data in 
centra l Greenland. C omparison of the SSM/I data to profil es obtained during the 1989-
91 field seasons indicated that bD and 6180 data from the near-surface snow at the Green
land summit are a reliable, high-resolution temperature proxy. To test this new technique 
further, additiona l stable-isotope d a ta were obtained from a 2 m snow pi t constructed 
during late-June 1995 near the GISP2 site. 

This new profile, supported by pit stratigraphy and chemistry data, confirms the utility 
of comparing stable-isotope records with SSM/I brightness temperatures. The sub-annua l 
variation of the 8D r ecord at the GISP2 site was determined using 15 m a tch points, from 
approximately D ecember 1991 throughJune 1995 and was guided in pa rt by time-con
stra ined hoar layers. The close association of these tempera ture proxies supports the asser
ti on that snow accumulation occurs frequentl y throug h the year and that the iso tope 
record initiall y conta ins temperature information from m any times of th e yea r. This is 
a lso independently confirmed by ana lysis of H 20 2 data . The slope of the multi-year T vs 
6 correlation was evaluated along with the sub-annual vari ation in the a mo unt, rate and 
timing of accumula tion. These new results are consistent with those from the previous 
study a nd they also demonstrate tha t the snow in this a rea initiall y conta ins temperature 
and chemical records with sub-annual resolution. This encourages confident interpret
ation of the paleoclimatic signal varia tions in the GISP2 and GRIP deep cores. 

INTRODUCTION 

A s one part of an ex tensive re-analysis of stable-isotope ther
m om etry conducted in support of the GISP2 and GRIP 
deep cores, Shuma n a nd others (1995 b ) investigated the si
mila rity of stable-isotope ratio (8180 a nd 8D) data from 
snow-pit profil es to m ulti-year satellite-brightness temper
atures. That analysis fo und a close correspondence between 
stable-isotope profiles from three sha llow snow pits a nd a 
multi-year daily brightness tempera ture record from the 
Scanning Multicha nnel Microwave R adiometer (SMMR) 
a nd Special Sensor Microwave/Imager (SSM/I ) for the 
GISP2 site. A di stincti ve, multi-peaked temperature cycle 
obse rved with the longer-term satellite temperatures, a nd 
confirmed with shorter-term autom atic weather sta ti on 
(AWS ) data, appeared to be substanti a lly preserved in the 
8 180 a nd 8D records. The simil a ri ty between the trends, 
despite some anom a lous events and the effects of progressive 
diffusion, supported the asserti on tha t acc umulati on occurs 
at m any times throughou t the year and that isotopic profiles 
from central Greenland initially contain a temperature his
tory with sub-seasona l resolution. In that paper, we con
cluded that additiona l comparisons using thi s technique 

should be m ade to assess the reliability of the technique. 
This paper provides additional data and a na lyses that sup
por t the earlier work and the trend-compa ri son technique. 

BACKGROUND 

From the d ays of the German and French studies in centra l 
Greenl and at Stations Eismitte and Centrale, during the 
first ha lf of this centur y, field scientists have struggled to 
monitor a nd understa nd me teorological conditions on the 
ice shee t (e.g. see Sorge, 1935). Later in this century, stable 
oxygen and hydrogen isotope-ratio da ta from polar ice
sheet sites have been used as a temperature p roxy in support 
of clima te interpretation a nd reconstruction (Benson, 1962; 
Dansgaard , 1964; Dansgaard and others, 1973; H ammer and 
others, 1978). Although the detail s of isotopic source, trans
port, delivery and preservation a re complex (Epstein and 
Sharp, 1965; J ohnsen, 1977; K ato, 1978; Fisher and others, 
1983; J ouzel and Merlivat, 1984; Peel and oth ers, 1988;J ohn
sen and others, 1989; Pe tit a nd others, 1991; Charles and 
others, 1994; Newell and Zhu, 1994), it is clear that long-term 
records of 8180 and 8D from deep ice cores prov ide dram
atic evidence of past climate change Uohnsen, 1977; 
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Hammer and others, 1978; Dansgaard and others, 1985; 
Johnsen and others, 1989; Grootes and others, 1993; Cuffey 
and others, 1994; Cuffey and Clow, 1997; Jouzel and others, 
1997). The persistent uncertainty regarding accumulation 
timing and preservation, moisture sources and vapor trans
port, and the initial isotopic content of snow and its subse
quent diffusion in ice have until recently (Barlow and 
others, 1993; M cConnell and others, 1997) limited detailed 
interpretation of high-resolution isotope profiles. Some of 
these issues are addressed here; others have been discussed 
by Cuffey and Clow, (1997), Grootes and Stuiver (1997) and 
Jouzel and others (1997) in the GISP2-GRIP Compendium 
Volume. 

This study compares a high-resolution stable-isotope 
profil~ (2 cm incremental samples or about 25-35 samples 
per year) and multi-year, passive-microwave brightness
temperature records calibrated by short-term AvVS data. 
The empirical correlation or trend-comparison technique 
documented by Shuman and others (1995b) for the snow
pit and satellite records has allowed (I) the sub-annual var
iation of the initial isotopic record at GISP2 to be tempo
rally constrained, (2) identification of "anomalous" isotopic 
events and their impact on the records to be estimated, (3) 
evaluation of the slope of the T vs 0 correlation, (4) measure
ment of the amount, rate and timing of accumulation, and 
(5) a confirmatory analysis of the atmospheric H 20 2 cycle 
in the GISP2 area. This should encourage application of this 
technique at other ice-sheet locations where satellite obser
vations can provide a proxy temperature record for detailed 
comparison with stable-isotope and chemical records. 

METHODOLOGY 

As in the previous study, the passive-microwave data used 
here were extracted from V.S. National Snow and Ice Data 
CenterCD-ROMs (NSIDC, 1992). Daily-averaged, 37 GHz, 
vertical polarization (V ), brightness temperatures (TB ) 
from the Special Sensor Microwave/Imager (SSM/I-FIl) 
for the 25 km X 25 km gridcell covering the GISP2 site 
were compiled to document the multi-year "temperature" 
trend for the site. Brightness-temperature data from the 
37 GHz V (0.81 cm wavelength) channel began in December 
1991 and ex tend through September 1995. The measurement 
accuracy of the SSM/I channels is ± 2 K (Hollinger and 
others, 1990). 

The relationship of brightness temperature to physical 
temperature is described by the Rayleigh- Jeans approxi
mation (Hall and Martinec, 1985). Satellite brightness temp
erature (TB ) is primarily a function of the physical 
temperature of the near-surface snow (T ) multiplied by its 
emissivity (E) (or Tb rv T x E). Atmospheric effects on 
brightness temperature are ignored due to the low temper
atures and limited water-vapor content found in this area 
(Maslanik and others, 1989). Other research indicates that 
emissivity is controlled primarily by radiative scattering 
from the ice grains over a skin depth of 1 m or so for the 
37 GHz channels but is dominated by the top 20- 30 cm 
(Rott and others, 1993). This depth is equivalent to that of 
the diurnal temperature cycle (Alley and others, 1990). 
Overall, the emissivity of the snow and ice is controlled pri
marily by grain-size (Chang and others, 1976; Armstrong 
and others, 1993) which tends to vary over an annual period 
(Benson, 1962). 
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The 37 GHz V TB data can be related to near-surface 
automatic weather station (AWS) air temperatures by a 
technique described by Shuman and others (1995a). In that 
paper, the short-term AWS temperature (TA ) and tempo
rally equivalent TB data are used to generate an approx
imate emissivity time series. From these data, a sinusoid is 
then fitted to the data which defines a modeled emissivity 
cycle. The modeled emissivity cycle can then be used to con
vert the TB data into an estimated near-surface air temper
ature (Tc ) with reasonable accuracy. The 37 GHzV data 
are used for this technique, because they provide the best 
correlation of the available long-term passive-microwave 
channels with the mean daily air-temperature data from 
the AWS (Shuman and others, 1995a). Some difficulties in 
the utilization of this technique that were not addressed in 
the earlier work or in Shuman and others (1995b) will be 
discussed here. 

A high-resolution isotope reco rd was obtained during 
late-June 1995 from a snow pit located about I km west of 
the GISP2 site (72 °35'34" Nand 38°28'45" W ). The pit study 
included high-resolution sampling for stable hydrogen iso
topes and back-lit pit-wall photography (see Fig. 1), a pit
wall map of snow stratigraphy and a coincident snow-den
sity profile. The pit was dug in a "clean" area to a depth of 
2 m and was sampled at 2 cm resolution using standard field 
procedures for isotopes. The samples were analyzed at the 
Institute for Arctic and Alpine R esearch isotope laboratory 
(University of Colorado, Boulder) with uncertainties of 
± 0.5 per mil (%0) for oD. The r esults were reported in per 
mil relative to Standard Mean Ocean Water (SMOW ). 

As in the previous study, this paper is based on compar
isons made using a qualitative, point-pairing procedure 
between the microwave brightness-temperature records 
and the oD profile that is guided by the shapes of the trends 
and in some cases by temporally constrained hoar layers 
(see Fig. 1; Table I). Fundamentally, this involves examining 
temporally similar parts of the two records and making the 
assumption that the major peaks and/or valleys represent 
equivalent events in both records. It is worth pointing out 
that this technique would be difficult to apply in areas of ex
tremely low or strongly seasonal accumulation. Th e result
ing paired data (depth and associated oD value from the 

Table 1. Descriptions if fzoar layers observed in the 1995 pit 
stratigraphy 

Identifier" Depth. Thick- Date( s l 1995 Observations 
ness (day/ month ) 

cm cm 

H 9+.2 53.5- 54.5 1.0 18/7-1/8 
H 94. ] 62.5- 63.0 0.5 13- 20/6 Uncertain dale 
H 93.2 95.0-96.0 1.0 11 - 16/9 
H 93.] 107.0- JJ 1.0 4.0 8- 13/7; 17-23/7; Very thick zone with 

25- 31/7 internal layering 
H 92.3 156.5- 161.5 <1.0 28/7- 2/8; 8- 13/8; Zone with multiple 

20- 25/8 layers, two distinct 
H 92•2 164.0-165.0 1.0 12- 21/7 
H 92.] 168.0- 169.0 1.0 24/6-4/7 

• Scc Figure 2 for locations of the identifi ed hoar layers in the pit stratigra
phy. 

t Hoar-event timing based on Geld observa tions and interpretation of the 
SSM/1 37 GHz V/H ratio data for the GISP2 site. 
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Fig. 1. Comparison qfthe comjJosite photogmph qfthe 2 m back-lit pit wall with the 2 cm sample-resolution prqfile of[;D ( %0, m) 
(equivalent dejJth scale). Summer isotope peaks (smaller negative numbers) are indicatedjor each year between the two profiles. 
Hoar layersjrom the summers of 1992, 1993 and 1994 that were noted in the pit stmtigrapfry are marked with an H ( see Table 1). 
Note the dashes along the lift side of the pit image that indicate the original jJhotogmph edges. 

isotope trend as well as date and calibrated brightness tem
perature or Tc ) provide the basis for the following analyses. 
As in the previous work, to a id comparison with the TB data, 
the isotope d a ta are presented as if they represent a time 
series of [; values. Although diffusion is known to change iso
topic values contained in snow and ice (D ansgaard and 
others, 1973; J ohnsen, 1977; Whillans and Groo tes, 1985; 
Friedman and others, 1991; Sommerfeld and others, 1991), 
no attempt h as been made to correct the isotope values [or 
its effects in thi s paper. 

RESULTS 

The daily average 37 GHz V brightness-tempera ture trend 
was directly compared to the isotope record from the 

approximate corresponding depth interval of the 1995 pit 
(see Fig. 2). This comparison documents that the multi
peaked temperature cycle observed in the pass ive-micro
wave reco rd is generally preserved in the snow-pit 's isotope 
record. The 15 match points in thi s study were faci litated by 
detailed knowledge of when the hoar layers that are 
recorded in the pit strat igraphy were formed (see Fig. I; 
Table I). (Previous research has documented tha t hoar 
layers that form during the summer months and serve as 
the visible stratigraphy for dating ice cores can be di stin
gu ished and mapped with enhanced SSM/I data (Alley 
and others, 1993, 1997; Shuman a nd Alley, 1993; Shum an 
a nd others, 1993).) The seven hoar "zones" (see Ta ble I) iden
tifi ed in the pit stratigraphy correspond quite well w ith the 
isotopically heavier, less-negative {j values assoc ia ted with 
summer acc umula tion. 
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Fig. 2. Comparison of SSM/ I-F1l 37 CH?:. V brightness-temperature data ( K, daily average) with the stable-isotope recordJrom 
the 2 m pit ( %0, m). Match points are indicated by arrows and are numbered sequentially (see Table 2). The comparison of these 
two trends, based on similarities in trend shape, was done at much higher resolution which allows dates to be assigned to pit depths 
( see Shuman and others, 1995b ). 

However, the isotopic profile appears to have been im
pacted by the formation of a very thick hoar layer, about 
4 cm, during the summer of 1993 (sce Figs 2 and 3). This 
summer period lacks the characteristic isotopically heavier, 
less-negative, "warm" DD summer peak fo llowed by a dis
tinct secondary, late-fall or early-winter warm peak. The 
narrow depth range for this summer peak suggests that 
there was less accumulation overall through this time 
period, which is a lso suggested by observations duringJune 

reported by Bales and others (1995). Detailed analysis of the 
pit stratigraphy and the SSM/I VIR ratio covering this time 
period suggests that there was an anomalous ly long period 
of hoar formation that occurred in several stages (see Table 
I) during most of July. What little snow did fa ll duringJuly 
appears to have been incorporated into the large composite 
hoar layer (see Shuman and others, 1997, fig. 5). The process 
of hoar formation, according to Sommerfeld and others 
(1991), should cause depletion oflighter isotopes in mass-loss 
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layers, indicating "warmer" conditions and enrichment of 
lighter isotopes in layers gaining mass, indicating "cooler" 
conditions. However, limited field data from the GISP2 site 
in Ju ly 1995 (unpubli shed data of C. A. Shuman) suggest 
that hoar development in this area is simply associated with 
enrichment oflighter isotopes at the surface, which results in 
the indicated "cooler" conditions. In any event, the combi
nation oflimited accumulation inJune and development of 
a significant amo unt of surface hoar duringJuly appears to 
have resulted in a relatively "cool" ID record through this 
time period. This result may also be partially expla ined if 
the last majo r accumulation events in this area occurred 
during the relatively colder May period. 

The trend comparison of TB and 8D values for this pit 
indicates that the top 2 m of snow corresponds to m ore than 
three annual cycles. It also means that primary and secon
da ry peaks and valleys can be compared reli ably between 
the trend s. This suggests that the stable-isotope records con
tained in the pi ts are derived from snow that has been acc u
mulating at many times, and therefore at different 
temperatures, throughout the year. It should be noted that, 
although a distinct match-point d ate is determined for spe
ci fic depths in the snow pit, there is a degree of uncertainty 
associated with these dates that is difficult to quantify. 

Water-equivalent isotope data 

The visual association of the TB and 8D records in Figure 2 
provides the qualitative basis for this study. Quantitative in
formation can be derived from correlations be tween the 
brightness-temperature records a nd density-corrected, 
water-equiva lent depth profiles of isotope values. The 15 
match points from the trend compar iso ns of this study are 
listed inTable 2 and were determined based on trend shapes, 
not magnitudes. Smoothed TB profiles (15 day average ) were 

Table 2. Match-point dataJrom trend comparisons 

Ma/ch- Ma/ch -po;nt SSM/ I liDpfrllli/ ({j IHO;* DeIlJi~r -

point da/et ca/wlated corrected de/Jtlt 
idell - tempera/lire" 
tifler 

. 
m 

I 23 Dec. 1991 222.22 ~308.50 (~39.8 1 ) 0.685 
2 8 M ay 1992 240.70 ~302.28 (~39.04) 0.617 
3 IO Jun.1992 255.66 ~236.99 (~30.87) 0.582 
4 14 Sep. 1992 244.81 257.2+ (~33A IO 0.549 
4 14 Sep. 1992 244.81 257.24 ( 33.41) 0.549 
5 16 Oct. 1992 248.20 246.35 ( 32.04) 0.520 
6 20 J a n. 1993 224.70 ~341.29 (~43.91 ) 0.477 
7 24 Mar. 1993 233.87 329.39 (~42 .42) 0.411 
8 29 Jun. 1993 261.18 261.25 ( 33.91) 0.369 
9 3 Sep. 1993 256.02 241.47 ( 31.43) 0.327 

ID 20 D ee. 1993 226.39 ~360.02 (~+6.25) 0.277 
11 20 M a r. 1994 228.86 ~352.60 (~45.33) 0.263 
12 6 Jul. 1994 265.48 ~2 1 9.+9 (~28.69) 0.184 
13 8 Nov. 1994 241.12 ~253.58 ( 32.95) 0.117 
14 28 D ec. 1994 225.79 ~356.86 (~45.86) 0.062 
15 7 J un. 1995 262.42 ~220.65 (~28.83) 0.032 

• See Figure 2 for locations of the match poi nts. 
t Based on deta il ed examination of the SS:--1/1 calcul a ted tenlpcratu rc 

trend. 
t Sec Figu re 3 for the SSMj l ca lcul a ted temperat ure trend. 
§ Deuterium data conven ed from liD to 6180 using the Craig (1961) eq uat ion. 

not used in this study (see Shuman and others, 1995b), 
because additiona l work indica ted that smoothing the data 
did not sign ificantly impact the precision of the match-point 
date. The water-equivalent depth profiles were generated 
from density-co rrected isotope sample depths and these 
were used to determine accumulation amounts. 

The match-point comparisons illustrated in Figure 2 
reveal few anomalous isotopic values, identified by di stinct 
differences in the brightness-temperature and isotope-trend 
patterns, except at match points I and 8. Point I is the oldest 
match point and is likely to be the most influenced by diffu
sion of the isotopic signal. Also, the proximity of point I to 
the bottom of the pit a ll ows the poss ibility that a be tter 
match point could have been found just below the bottom 
of the profile. Point 8 is probably anomalous due to its asso
ciation with the extensive hoar event inJuly 1993 that is dis
cussed above. Overall , it appears that the TB and iso tope 
trends tend to preserve a primary peak and trough as well 
as a secondary peak and trough per year, which can be used 
to identify four or more match points each year. More ag
gress ive analysis and mathematical interpolation could con
ceivably produce othe r m atch-point pairs. 

Calibrated brightness temperatures 

Conversion of the SSM/I TB data to calibrated near-surface 
air temperature (Tc ) values is achieved through the use of 
a n empirically derived emissivity function (see Fig. 3; 
Shuman and others, 1995a) which is based on the Rayleigh
J eans approximation (H a ll and M a rtinec, 1985). The Ray
leigh- J eans approx im ation describes the physical temper
ature of the nea r-surface snow as a fun ction of the pass ive
microwave brightness temperature divided by its emissivity. 
In this application of the approximation, it is assumed that 
the emissivity cycle is temporally stable. Figure 3 illustrates 
how well thi s approach can calibrate the SSMjI 37 GHz V 
TB data to the composite nea r-surface air-temperature 
(TA ) trend observed by the AWS at the GISP2 site (Steam s 
and Weidner, 1991). The AWS record is a composite due to 
the lack of TA data from the GTSP2 A"VS from 8 Februa ry 
to 17 June 1992. Air-temperature data from AWS Kenton, 
the closest station to the GISP2 site, were integrated with 
the GISP2 1'.A. data using the "equivalent basis" technique 
(eb ) desc ribed by Shuman and others (1996) (see Fig. 3). 

From Figure 3, it can be seen that the assumption of 
temporal stabilit y (Shuman and others, 1995a, b) of the 
modeled emissivity cycle is not valid . This is appa rently 
due to the large composite hoar layer which formed inJuly 
1993. Because of this, it was necessary to use two emissivit y 
models, one before and one after the hoar event, in order to 
achieve a good fit ofTc to TA, although the fit using the sec
ond model is relatively poor for more than I month after the 
hoar formed. However, this does not affect the match-point 
da ta. The res ulting offset or dec rease in emiss ivity asso
ciated with this major hoar episode is consistent with the 
theoretical calcula tions by Fung and Chen (1981) which 
show that increasing surface roughness and decreased den
sity, generall y associated with hoar development (Shuman 
and Alley, 1993), result in a slight lowering of the 37 GHz V 
TB brightness temperature. Hoar deve lopment is also asso
cia ted with larger snow grai ns and thi s is known to decrease 
emissivity (Zwally, 1977; H all, 1987). Although the Tc trend, 
due to the TB data , is clearly insensitive to short-term, high
frequency fluctuations in air tempera ture, the composite Tc 
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record at the site describes the overall air-temper ature trend 
quite accurately. 

The reason for demonstrating the relationship of the oD 
values to the SSM/I-derived Tc values instead of directly to 
the observed a ir temperatures is simple. The number of 
AWS temperature sensors on the Greenland .and Antarctic 
ice sheets is quite limited. H owever, the cover age of the 
SSM/I sensor includes all of Greenland and a ll but 3° at 
the South Pole (H ollinger and others, 1990; NSIDC, 1992). 
Therefore, snow-pit and sha llow ice-core stable-isotope 
records can be usefully compared to brightness-temperature 
records even if they lack TA records for calibration. As in the 
case for the Siple Dome drilling site in West Antarctica, 
AWS records will begin with the first fi eld season (personal 
communication from C. Steams). The short-term AWS 
temperature r ecord should be able to calibrate, with some 
limitations, the much longer passive-microwave record for 
the site using the emissivity-modeling approach . 

The match-point data from Table 2 and the r esulting Tc 
vs 0180 plot (see Fig. 4) illustrate how reliably isotope values 
record (synthetic ) near-surface air temperature. The slope 
of the regress ion line, 0.39 ± 0.111, is somewhat lower than 
the value (0.46 ± 0.075) reported by Shuman and others 
(1995b) but it is not significa ntly different given their error 
limits. (All ± values reported here are for the 95% confid
ence limit. The oD values have been converted to a 0180 
equivalent by the Craig (1961) equation (0180 = (OD - 10) 1 
8) to a llow intercomparisons. Other se ts of conversion coef
ficients, for example those based on Dye 3/4 da ta available 
inJohnsen and others (1989), could have been used. How
ever, thi s has no significant effect on this analysis.) 

The overall trend in the d a ta is fairly well defined but 
there are several outliers. The m atch point I outlier is likely 
the product of diffusion as it is the "oldest" point in the 
ana lysis, although its proximity to the bottom of the pit 
a llows the possibility of a better match point as mentioned 
above. The match point 8 outlier is apparently impacted by 
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Fig. 4. Scatter plot of pairs if calculated air temperature, Tc, 
and 0180 -equivalent values for the 15 match points ( see Table 
2). The regression line difines the slope of the T vs () relation
ship, about 0.39, for this dataset. Removal of match point 1 
(probably most cif.fected by diffusion ) and match point 8 ( as
sociated with a major hoar layer) increases the overall slope to 
0.46. The slope of the regression line through only thefirstjiear 
match points (five circles) has a slope of 0.44. All slope values 
presented here are within the 95% confidence intervals for the 
slope value (0.46) published by Shuman and others (1995b). 

the hoar-formation process (see Fig. 2). Removing both of 
them from the regression analysis produces a distinct 
increase in the T vs () slope value from 0.39 to 0.46 (± 0.099) 
(see Fig. 4). The other outliers which occur most! y in the 
transitions from summer to winter appear isotopically 
"warm" which may be due to the contribution of water 
vapor from distant sources, complex isotope fractionation 
that is not simply temperature-driven (Charles and others, 
1994·; Newell and Zhu, 1994), or even drifting of geographi
cally distant accumulation into the a rea. The generally 
reduced sensitivi ty of the Tc data, for the reasons discussed 
above, may also contribute to this problem. However, with 
match point I and 8 removed, the slope of the T vs {) Iine is 
statistically consistent with the previous results using this 
technique (Shuman and others, 1995 b ), published estimates 
based on borehole paleothermometr y (CufTey and others, 
1992, 1994) and modern spatial temperature- isotope rela
tionships (Dansgaard, 1964; Jouzel and others, 1997. As in 
Shuman and others (1995 b), the slope of the "first-year" 
match points (those within approximately I year of the pit 
sampling) alone was also examined . This reduced the slope 
values from 0.46 to 0.44 (± 0.283) but, as it is based only on 
five data points, it is probably of limited significance. 

A ccu m ulation atnount, rate a nd t imin g estitnates 

As mentioned above, the amount of accumulation can be 
calculated from the water-equivalent depth profile for each 
interval defined by the match-point data (see Fig. 5). This 
plot illustrates the amount of water-equivalent snow pre
served in the profiles as a function of i ntervallength. (These 
values reflect only the net amount over the interval, because 
these sub-annual time periods necessarily include p eriods 
with and without acc umulation as well as possibly p eriods 
with loss of accumulation. For a general discussion of this 
problem, see Gardner and others, (1987).) The match-point 
d ates from the TB record therefore define the number of 
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Fig. 5. Scatter plot if all accumulation amounts (m) estim
ated for the 14 interval periods (pluses) between the match 
points identified in Table 2. Summer-to-summer annual 
accumulation values ( squares) are estimated based on den
sity -corrected datafrom Figure 2 and show a progressive de 
cline from 0.22 to 0.17 m from 1992- 93 to 1994- 95. The 
regression line can be used to estimate the amount if accum
ulation that might be expected for an interval of a certain num
ber of days through this time period around the GISP2 site, 
although this does not account for seasonal accumulation var
iations. 
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days over which the corresponding a mo unt of water-equiva
lent snow has accumulated. Annual accumulation amounts 
derived here show a progressive decline from the average 
modern accumulation rate of 0.24 m a ' (see Alley a nd 
others, 1993, fi g. I). This general decline is supported by un
published data from the multi-yea r accumulation sta ke-line 
measurements conducted near the GISP2 site by research
ers from the Cold R egions Research and Engineering 
Laboratory and The Pennsylvania Sta te University from 
1989 through 1995 (personal communication from D. 
Meese). It should be noted that these values a re of the same 
magnitude as nearby acc umulation ra tes (0.28 cm a ') found 
in the 1950s by Benson (1962). Prelimina ry analyses show no 
clea r association of these accumulation d a ta with the mean 
a nnua l temperatures reported by Shuma n a nd others (1996). 

The same data can be used to measure the rate of accu
mula tion (see Fig. 6). The range in accumulation rate is from 
abo ut 0.47 to 3.50 cm month ' (0.15- 1.15 mm d ') with a 
mean of about 1.89 cm m onth 1 (0.62 mm d I) and a ll these 
va lues a re lower tha n those in Shum an a nd others (1995b ). 
As above, these rates a re the net rate fo r the interval defin ed 
by pairs of the 15 m a tch points. The highrst value is for a 
rela tively short interval (48 days ), a lthough slightl y lower 
rates a re observed for slightly shorter intervals of about 
30 d ays. The mean interval is simila r to that observed in 
the previous stud y at about 89 days. 

In order to assess the timing of accumulation at the 
GISP2 site from these d ata, the observed acc umulation-ra te 
va l ues were plotted rela tive to the inter val midpoint d a te 
over a n a rbit ra ry yea r (see Fig. 6). As in Shuman and others 
(1995b; see Fig. 6), by fitting a simple a nnua l sine wave, these 
da ta indicate the rela tive timing of accumulati on through
out the "year" at the site. This analysis is consistent with o ur 
previo us results and is generally supported by the accu
mul a tion-timing res ults ofMcConnell a nd others (1997, fi g. 
3), as well as the independent results ofBromwich and others 
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Fig. 6. Scatter plot cif all the accumulation rate values (cm/ 
month) plotted against the midpoint date cif the interval 
( scaled similar to that in Shuman and others, 1995b,jig. 6) 
over an arbitrmy annual period. An annual-period sine-wave 
fit to this data indicates the relative timing cif accumulation at 
the GISP2 site. Although the accumulation ap/ml1J to reach a 
maximum in late summer into earlyfaLl, the scatter in the data 
indicates that there is a great deal cif variability in the indivi
dual accumulation-rate values. The reduced amplitude, 
relative to Shuman and others (J995b,jig. 6), may be the result 
cif declining accumulation during this period (see Fig. 5). 

(1993). Bromwich and others' atmospheric m odeling resul ts 
show that, for sites to the north and south o f GISP2, more 
accumula tion occurs across Greenland in the summer and 
fall than in winter and spring. Although the time interval 
studied here shows reduced accumulation overall and a 
damped seasonal cycle compared to the res ults of Shuman 
and others (1995b), thi s a nalysis shows accumula tion occur
ring with a generally simila r pattern . It is important to 
recognize that these resul ts represent an assessment of tem
pora ll y va ri able meteoro logical phenom ena and caution 
should b e used in interpretation of the absolute acc u
mulation va lue . 

Peroxide deposition cycle 

To check the reli ability of the trend-compa ri son technique, 
thi s study utili zed data on a particula r chemical spec ies, 
peroxide (H 20 2), because of its known a tmospheric cycle 
and strong seasonal dep endence (Bales a nd Choi, 1996; 
McConnelJ a nd others, 1997). This aspect was a lso included 
in this study, because there is a great deal o f interest by the 
paleoclim ate community in the "transfer function" or the 
overall m echanism responsible for moving chemical consti
tuents from the atmosphere into the ice sheet, which is pa r
tially controll ed by the timing of accumula tion (Bergin and 
others, 1994; M cConnell a nd others, 1996, 1997). As a res ult, 
a University of Arizona field team took a pa ra llel 2 cm reso
lution H 2 0 2 profil e in a snow pit immediately adj acent to 
the one used for the iso tope data. These samples were ana
Iyzed in the field using a peroxidase technique described by 
Sigg a nd o thers (1992) a nd Bales and others (1995) with a n 
accuracy o f ± 5% . The resulting profile is shown in Figure 
7a a long with the times assoc iated with the 15 correlations 
from the m a tch-point da ta . As with the 8D d ata, the H 20 2 

data a re presented in Fig ure 7a as if they represent a time 
seri es, despite va riability in accumula tion ra te and post
depositio na l effects. 

The rela tionship between atmospheric H 20 Z concentra
tion, the res ult of a complex se t of reactions as described in 
Sigg and others (1992), a nd the amount preserved in the 
snowpack is thought to be a highly non-I i near function of 
temperature and accumul a tion rate (M cConnell and 
others, 1996). The vari ability of the multi-yea r signal from 
this da tase t indicates tha t summer H 20 2 depos ition is rela
tively high a nd that winter H 20 2 deposition is low, a lthough 
there is considerable vari ability in the m agnitude of the 
summer m ax ima (see Fig. 7a). The lower acc umul ation 
observed during the summer of 1993 or the hoar-formation 
process m entioned above m ay be responsible for the re
duced m agnitude of the HzOz peak thro ug h this part of 
the record. 

The snow-pit data can be compared with the theoretical 
atmospheric concentratio n of H 20 2 thro ugh this time 
period (see Figure 7b) via a photochemical m odel of at mo
spheric H 20 Z concentra tio n (Bales and Choi, 1996; McCon
nell and others, 1997) a nd the following technique. By first 
sca ling the observed H 2 0 2 values from the snow-pit profil e 
for each yea r between 0 a nd I to minimi ze the year-to-year 
va riability in the data a nd then linearl y interpolating 
between m atch-point da tes to determine the approx imate 
deposition d a te of all samples, a dataset was created that ap
proxima tes the multi-year deposition timing of H 20 2. 

Although th ere is a good deal of noise in the res ul ting 
"observed (sca led)" snow-pit data (see Fig. 7b), it appea rs 
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Fig. 7. Application of the match-point technique to the interpretation ofan adjacent chemistry profile: (a) illustration of the H 2 0 2 

profilefrom the 1995 pit with dates assigned to prqfile depths based on the 15 match-point comparisons in Figure 2; and (b) the 
resulting temporally constrained H20 2 values plotted relative to an arbitrary year and to the atmospheric H20 2 photochemical 
modeljrom M cConnell and others (1996). The rif.fset illustrates the lag in the timing of H20 2 deposition at the C1SP2 site. 

to be similar in magnitude to the va riability in the observed 
atmospher ic values from the GISP2 site (McConnell and 
others, in press, fig. 3). By similarly scaling the photochemi
cal model between 0 and I, a direct comparison can be made 
between the theoretical a tmospheric and observed snow
peroxide concentrations. The overall simila rity between 
these scaled datasets suggests the following conclusion: the 
offset be tween the photochemical model of atmospheric 
concentra tion and the "observed (scaled ) " profile va lues is 
consistent with the known lag between H 20 2 production 
Ouly) and preservation (August) in the ice sheet (Bales 
and C hoi, 1996; M cConnell and others, 1997). The photo
chemical model leads the observed deposition in the spring 
and then lags it more sign ificantly in the fall. This increased 
lag in the fa ll is consistent with the cycle of accumulation 
derived earli er (Fig. 6) a nd suggests deliver y of H 20 2 from 
southerl y latitudes as photochemical production ceases over 
central Green land during the onset of the polar winter. 
Together, these results suggest that the m a tch-point dates 
are reasonable estimates of accumulation timing and tha t 
the technique is reliable. This test is still tentative as the u e 
of scaled data from multiple years of accumulation to com
pare with the current H 20 2 photochemical model is not 
precise. However, if thi s approach is correct, the match
point technique can be used reliabl y for other chemical 
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compounds and may prove valuable to investigations of the 
atmospheric-transfer funct ion. 

DISCUSSION 

The research presented here is entirely consistent with the 
previous effort (Shuman and others, 1995b) and confirms: 
(I) that there is a high degree of similarity between TA and 
TB records from the Summit region of central Greenland; 
(2) both the oD profile and the TB-derived trend have tem
pOJ'ally equivalent primary a nd secondary features that 
correspond over a number of yea rs and, therefore; (3) these 
latter two records preserve in d e tail the known annual and 
sub-annual va riations in temperature for this site. This is as
sisted by identification of temporally constrained hoar 
layers in the snow-pit stratigraphY. As a resu lt, it appears 
that in this region oD is a reliable temperature indicator 
and that it is preserved in a series of accumulation events 
that occur frequently throughout the year. As such, these 
results valida te, at least for multi-year periods, the use of 
the stable isotopes of hydrogen a nd oxygen as indicators of 
paleotemperature. 

However, it shou ld be noted that quantitative a nalysi s of 
the data produced using the point-matching technique 
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depends on a number of assumptions. First, this approach 
ass umes that a ll the significant maxima and minima identi
fi ed in the isotope record are associated temporally with 
meteorological phenomena that impact the brightness
temperature record. This assumption i unlikely to be abso
lutely true a nd necessarily controls to some extent the selec
tion of match points (i. e. not a ll "events" in the brightness
temperature reco rd have an associated isotope feature; snow 
from an event must be preserved to provide a match point). 
H owever, it is highly probable that the significant peaks a nd 
valleys ob erved in the AWS and TB records have accum
ulati on associated with them, possibly within a few days 
(Steffensen, 1985). Secondly, even using high-resolution 
sampling with 2 cm increments, it is likely that there is some 
smoothing of isotope values through time and therefore the 
isotope record presented here imperfectly represents the ac
tual signal contained in the original accumu lating snow. 
Thi is partia lly related to depositiona l processes which in 
this area act to "homogenize" the near-surface snow through 
the micro-scale redistribution of snow grains and water 
vapor, as well the impact of the sampling "increment". 
Thirdly, isotope diffusion may cause peak-and-va lley 
migrati on through time and generally mooth the isotope 
record to the point that critical deta il is lost. However, this 
does not appear to be the case he re, except possibly for the 
fi rst and oldest match point as discussed previously (also, see 
"analysis and di scuss ion on diffusion" in Shuman and 
others, 1995 b). Fourthly, as deta iled density profiles are 
likely to have some error, the water-equivalent accu
mulation values are likely to be imperfect. This m ay contri
bute to some vari ability in thi s part of the ana lysis. As a 
result of these problems, it is poss ible that the results deter
mined by the m a tch-point technique a re slightly in error 
and therefore the timing data should be considered as est i
mates with a degree of uncerta in ty associated with them. 
Although each conce rn may be true for any single point in 
the analysis, it is unlikely that these problems cause a sys
tematic bias to the data and therefore the ove rall analysis 
a nd its re ults are still valid. And, finall y, the prelimina ry 
investigations into the deposition of H 20 2 need to be re
peated using additional data and possibly other chemical 
pa rameters. In their analys is of H 20 2 transfer from the 
atmosphere to the snowpack, M cConnell and others (1997) 
have suggested tha t the association of table isotopes in ac
cumulat ing snow to temperature is more complex than is 
assumed here. However, there a re some uncertainties in 
their analysis approach regarding the timing of accum
ulation which make it difficult to address this issue. In any 
event, the results presented here are interna lly consistent 
a nd suggest that the match-point method is a reliable m eans 
of a signing a time to a specific depth in the snowpack in 
centra l Greenland. 

CONCLUSIONS 

We have confirmed a recognized correspondence be tween a 
DD profil e from a shallow snow pit a nd daily average bright
ness-temperature reco rds (SSM/ I-FII 37 GHz V cha nnel) 
from the GISP2 site. A distinctive, multi-peaked temper
a ture cycle can be observed with AvVS and long-term satel
lite-temperature da ta, and it appears to be substantia lly 
preserved in the snow-pit stable-i so tope record. The simila r
ity between the trends, despite a major hoar event a nd prob-

able diffusion, supports the conclusion that accumulation in 
this area occurs at many times throughout the year and that 
isotopic data from the GISP2 site initia lly preserve a tem
perature profile with sub-seasonal resolution. Application 
of thi s new technique at other sites on the great polar ice 
sheets may allow the distribution and timing of accum
ulation to be estima ted as well as assessm ent of the general 
reli ability of isotope thermometry over multi-year periods. 
This technique may also contribute to the difficult issue of 
defining the atmospheric transfer function for specific 
chemical parameters. 
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